We present a method to determine all the components of the magnetization vector in ultrathin ferromagnetic films using magneto-optical Kerr effects of either both p-and s-polarization waves or each polarization wave. The technique is applied to an in situ study of magnetization reversal and spin-reorientation transition ͑SRT͒ in Co films grown on a Pt͑111͒ single-crystal substrate. The thickness-driven SRT from perpendicular to in-plane magnetization in Co/Pt͑111͒ occurs in the film thickness range of 10-15 ML. This transition proceeds via a stable state of the canted phase exhibiting a typical second-order behavior. The second-and fourth-order surface anisotropy constants K 2s ϭ1.8 mJ/m 2 and K 4s ϭϪ0.034 mJ/m 2 , are determined from the theoretical fit to the magnetization orientation in the canted phase. The large second-order surface anisotropy is interpreted to be responsible for the later onset of transition, while the small fourth-order surface anisotropy results in a stable canted phase during the SRT.
I. INTRODUCTION
Since magneto-optical Kerr effects ͑MOKE's͒ were first adopted to an in situ investigation of the magnetic properties of ultrathin Fe films by Bader and co-workers, 1-4 the MOKE's have been utilized as a premier surface magnetism technique. Due to the sub ML sensitivity, easy implementation, and local-probing nature, the MOKE technique was applied to various topics in thin-film magnetism including the magnetic phase transition, 5, 6 the magnetic anisotropy, 7, 8 the magnetic switching process, 9, 10 and the spin reorientation transition ͑SRT͒. 11, 12 However, most implementations of the MOKE technique provided only a single component of magnetization based on the analysis of the Kerr hysteresis loops.
Several attempts have been made to determine the magnetization components in ferromagnetic thin films vectorially to understand magnetic phenomena related to magnetization reversal and spin reorientation. A complete vector analysis of magnetization orientation dependent on temperature or film thickness was mostly performed by means of scanning electron microscope with polarization analysis ͑SEMPA͒ 13 or spin-polarized secondary electron emission spectroscopy 14 in the absence of an applied magnetic field. The MOKE technique was successfully applied to determine two in-plane magnetization components by measuring two longitudinal Kerr effects in a special case where the magnetization lies in the film plane without any perpendicular component. 15, 16 However, in most situations the polar and longitudinal signals are mixed together, since the out-of-plane tilted magnetization direction is involved in spin reorientation or magnetization reversal under an applied field. This becomes a major obstacle for quantitative vectorial determination of magnetization components using the MOKE technique. 17, 18 Berger and Pufall reported a method to separate the mixed Kerr signals using generalized magneto-optical ellipsometry for the determination of the in-plane magnetization components. 19 Recently, Ding et al. proposed a method to distinguish the pure longitudinal and polar Kerr contributions via two separate measurements interchanging the positions of a light source and a detector. They were able to determine three components of magnetization orientation from the MOKE measurements in two orthogonal scattering planes. 20 However, the proposed method is very difficult and cumbersome in practice, since it requires a precise alignment of the optical components in the two interchanged measurements to obtain reliable Kerr signals. Ultrathin magnetic films have the very interesting property of their direction of magnetic anisotropy ''preferring'' to be out of plane or in plane according to the film thickness or temperature. Perpendicular magnetic anisotropy ͑PMA͒ in magnetic films has been one of the most interesting subjects due to its application to high-density information storage media. It is known that Co films on Pt͑111͒ exhibit PMA at a thickness up to a few monolayers, [21] [22] [23] where the magnetocrystalline anisotropy, caused by a broken symmetry at the surface, is sufficient to overcome the demagnetizing energy from the film geometry, and makes the spontaneous magnetization direction out of plane. As the film thickness increases, the magnetic easy axis changes its orientation into the in-plane direction, which is a so called thickness-driven spin-reorientation transition. We have found the PMA is persistent beyond 10 ML, and that the SRT occurs in the film thickness range of 10-15 ML via a stable state of canted phase unlike Co/Au͑111͒, 20 where the transition proceeds via a state of coexisting phase. This transition can be modeled with second-and fourth-order anisotropy constants.
In Sec. II we will describe an analytic method to directly determine all components of magnetization orientation from the simultaneous measurements of Kerr rotation and Kerr ellipticity in two orthogonal scattering planes. Details of the measurement procedure for this method are presented in Sec. III. The investigation of magnetization reversal and spin reorientation in Co films on Pt͑111͒ using this technique will be discussed in Sec. IV.
II. DESCRIPTION OF METHOD
In the general case where a magnetic film has an arbitrary direction of magnetization and the beam of light is oblique to the film, the magneto-optical Kerr effects are commonly expressed by complicated formulas of magnetization components. 24 -26 However, for an ultrathin film limit, 2n 1 d 1 /Ӷ1, where n 1 and d 1 are the refractive index and the thickness of the magnetic film, respectively, as depicted in Fig. 1͑d͒ , the Kerr effects could be expressed by simple analytical relations composed of the individual contributions from in-plane and normal-to-plane magnetization components within the first-order approximation. 18, 27 In our whole experiment, since the film thickness is less than 50 Å and the wavelength of a laser beam is 6328 Å, our experimental situation well satisfies this limit condition. When the scattering plane is located in the yz plane as depicted in Fig. 1͑a͒ To apply Eqs. ͑1͒ to determine the magnetization components, one must handle the prefactors of m y and m z , which are functions of 1 , 2 , and ⌰ n , and sensitively dependent on the thickness and optical properties of a film. In particular, it is very difficult to determine these values in situ during film growth in a vacuum chamber. However, we would like to emphasize that it is not necessary to determine those values, once it is possible to obtain the pure polar and longitudinal Kerr angles by applying the magnetic field up to the saturation value. Then one can easily simplify Eqs. ͑1͒ as follows:
Here ⌰ J i denotes the pure polar or longitudinal Kerr angles of the i polarization (p or s) wave in the J-measurement configuration with the saturation magnetic field applied normal to plane or in plane, respectively. Therefore, the m y and m z components are expressed by
Similarly, when the scattering plane is placed in the xz plane, as shown in Fig. 1͑b͒ , m y in Eqs. ͑1͒ should be replaced by m x . From the magneto-optical Kerr effects of ⌰ p (m x ,m z ) and ⌰ s (m x ,m z ) measured in the xz scattering plane in Fig. 1͑b͒ , m x and m z components can be determined using the equations as follows:
The coordinate systems of three MOKE measurement configurations: ͑a͒ polar measurements in the yz and ͑b͒ xz scattering planes under an applied field normal to the film plane; ͑c͒ longitudinal measurements under an applied field parallel to the y axis; and ͑d͒ the coordinate system of nonmagnetic medium 0, magnetic film 1, and nonmagnetic medium 2, where the magnetization direction is arbitrary.
Therefore, using Eqs. ͑3͒ and ͑4͒ one can determine all the components of the magnetization vector from the p-and s-wave MOKE measurements in two scattering planes orthogonal with each other: the m z component is determined twice, which plays an important role in checking the measurement consistency. Considering the fact that the values of the magnetization components are real in Eqs. ͑1͒, a full vectorial determination of the magnetization orientation could be achieved by either only p-or s-wave MOKE measurements. For instance, the p-wave MOKE in Eq. ͑1a͒ could be expressed by p ϩi⑀
where aϩibϭ cos 0 sin 2 1 cos͑ 0 ϩ 2 ͒sin 2 ,
Then, Eq. ͑5͒ can be decoupled into the real and imaginary parts as follows:
Here J and ⑀ J denote the saturation Kerr rotation angle and Kerr ellipticity, respectively, in the measurement configurations shown in Figs. 1͑a͒ and 1͑c͒, i.e., pure polar or longitudinal Kerr effects. Therefore, m y and m z components are given by
From the Kerr rotation and Kerr ellipticity in the measurement configuration of the xz scattering plane depicted in Fig.  1͑b͒ , m x and m z components can also be determined if m y in Eqs. ͑5͒-͑7͒ is replaced by m x . Therefore, one can determine the magnetization components from the MOKE measurements in the two orthogonal scattering planes, together with the pure polar and longitudinal Kerr signals under a saturation field. Note that by utilizing the s-wave MOKE expressed in Eq. ͑1b͒ the magnetization components can also be obtained from the same procedure as described for a p-wave MOKE.
III. EXPERIMENTS
The MOKE measurements as well as the sample preparation were performed in an ultra high-vaccum ͑UHV͒ chamber maintained under a base pressure of 7ϫ10 Ϫ11 Torr. The Co films were deposited at a typical rate of 0.78 Å/min by e-beam evaporation onto a Pt͑111͒ single-crystal substrate, which was cleaned by 1-keV Ar ϩ ion sputtering and annealing up to 1000-K several times. The deposition and the MOKE measurements were done at the same position in a UHV growth chamber without sample transportation, which made the experiment convenient during the cycles of sample growing and measurement with increasing the film thickness. For all measurement geometries, either p-or s-polarized HeNe laser light of 632.8-nm wavelength was used with an incident angle of 45°. We could simultaneously measure the Kerr rotation angle as well as the Kerr ellipticity with an accuracy down to ϳ0.001°through a photoelastic modulator of 50 kHz and crystal polarizers with an extinction ratio better than 10 Ϫ5 . A custom-designed electromagnet could apply an external magnetic field up to Ϯ2.0 kOe either in plane or normal to plane of the sample by rotating the sample stage in the deposition position. Details of the measurement system was described elsewhere. 28 We have measured the MOKE signals at every 0.25-ML Co thickness under two measurement configurations of the yz and xz scattering planes, with an applied field normal to the film plane as depicted in Fig. 1 . The pure polar and longitudinal signals were obtained by applying the saturation field normal to the film plane or parallel to the y axis in the film plane, respectively. For every film thickness interval, the longitudinal MOKE was first measured to obtain their saturation values, and then the sample stage was rotated 90°to measure the polar MOKE signals in the two orthogonal scattering planes. With these three MOKE measurements of p and/or s waves, we could vectorially investigate the magnetization components during the magnetization reversal process under an applied magnetic field normal to the film plane. Figure 2 shows the representative hysteresis loops at three film thicknesses: below, within, and beyond the SRT. There is an important and intriguing reason why one should measure the Kerr ellipticity as well as the Kerr rotation for a vector analysis of the magnetization. Very interestingly, there is no difference between the hysteresis loops of the Kerr rotation; however, the hysteresis loops of the Kerr ellipticity are significantly different between the two orthogonal measurement configurations, as clearly seen in the figure. Note that the difference becomes much larger as the Co thickness increases. Figures. 2͑a͒ and 2͑b͒ show the p-and s-wave polar MOKE signals, respectively; the loops in the left column are the Kerr ellipticities and the right ones are the Kerr rotations with an increasing of the Co thickness at each orthogonal polar geometry, depicted in Fig. 1 and ''xz-polar'' ellipticities, which comes from the contribution of the in-plane component to the polar measurement when the incidence angle is oblique: it is 45°in our case. Since the in-plane anisotropy increases with an increase of the Co film thickness, the coercivity of the difference hysteresis loop becomes much larger.
IV. RESULTS AND DISCUSSION
Since the spin-reorientation transition of our Co films is found to occur in the thickness range of a 10-15 ML, we have selected a 13-ML Co film as a test system to compare the three methods described earlier for the vector analysis of magnetization direction during magnetization reversal. Figure 3 represents the MOKE hysteresis loops for p and s waves in the 13-ML Co film obtained in three different measurement configurations as depicted in Fig. 1: Figs. 3͑a͒,  3͑c͒ , and 3͑e͒ are the two orthogonal polar hysteresis loops, and longitudinal loops measured with a p wave, respectively; Figs. 3͑b͒, 3͑d͒, and 3͑f͒ are obtained from these measurement configurations with an s wave. Note that the saturation values for the p wave are always larger than those for the s wave. This is quite expected from Eqs. ͑1͒, because the denominator of the prefactor of the p-wave MOKE is generally smaller than that of the s-wave MOKE for an incident angle of 45°. As seen in the figures, neither the polar nor the longitudinal MOKE loops show a squareness of 1, which implies that the magnetic easy axis is canted from the film normal direction at this film thickness. Figure 4 shows three components of a magnetization vec- tor during magnetization reversal under an applied field normal to the film plane determined using ͑a͒ p-and s-wave MOKE data, ͑b͒ only p-wave MOKE data, and ͑c͒ only s-wave MOKE data in Fig. 3 . An immediate curiosity is whether the complex calculations in Eqs. ͑3͒ and ͑4͒, in the case of using both p and s waves, truly result in the real values of the magnetization components. In the insets of Fig.  4͑a͒ we plot the imaginary parts of the magnetization components. Indeed, it can be seen that the imaginary values are zero within a measurement accuracy independent of an applied field strength. Remarkably, there is good agreement in the values of the magnetization components determined by the three analytic methods, even though the p-and s-wave MOKE hysteresis loops are very contrasting. It can be noted from Fig. 4 that two values of m z determined from the MOKE measurements in two orthogonal scattering planes are the same within an experimental error, which proves the consistency of our method.
We have compared the present analysis method with that of Ding et al., 20 as shown in Fig. 5 . In Fig. 5͑a͒ , the Kerr ellipticity ⑀ and Kerr rotation , are used to calculate the magnetization components in the yz scattering plane, while the Kerr ellipticity hysteresis loops obtained for opposite angles of incidence ϩ⑀ and Ϫ⑀ are used in Fig. 5͑b͒ . In the latter method, the m y and m z components are obtained by taking the difference and sum of both signals in reversed geometries, respectively. Despite the contrasting hysteresis loops, the resultant magnetization components are well matched within experimental error.
We have applied the present method to investigate the magnetization reversal behavior of Co films in the spinreorientation thickness region under a magnetic field applied normal to the film plane. In Fig. 6 we plot the dependence of the magnetization components m x , m y , and m z as a function of the applied field for the representative Co films of 11.5-, 13-, and 15-ML thicknesses, together with the normalized magnitude of magnetization, ͉m͉, defined by ͱm x 2 ϩm y 2 ϩm z 2 , and a two-dimensional presentation onto the xz projection plane in each inset. This vectorial representation of the magnetization is very informative for a better understanding of the magnetization reversal behavior. The vector nature of the magnetic moment during magnetization reversal is clearly seen from the figures. At the 11.5-ML Co film where the SRT begins to occur, the m z component is mostly involved with an abrupt change of orientation during the magnetization reversal process under an applied field normal to the film plane, which evidences the existence of nearly perpendicular magnetic anisotropy in this film. Except for the low-field regime, the magnitude of the magnetization remains nearly 1, as if the magnetic moments rotate coherently during the reversal process. With a further increase of the Co film thickness, not only m z but also m x components are involved during the magnetization reversal, as seen from Figs. 6͑b͒ and 6͑c͒, indicating that the magnetic easy orientation is tilted from the film normal. A decreased contribution from the surface anisotropy with increasing film thickness is conjectured to be a major cause for this observation. 29 We believe that a substantial reduction in the magnitude of the magnetization in a wide field range seems to be related with multidomain structure, in accordance with the observation from SEMPA. 13, 30 Interestingly enough, magnetization reversal takes place only in the xz plane without any m y component, as seen in Fig. 6 , which implies the existence of a twofold in-plane anisotropy. This is quite unexpected because the in-plane anisotropy of Co͑0001͒ is known to be negligible. 31 In situ scanning tunneling microscopy studies revealed that the surface of our Pt͑111͒ substrate was characterized by large terraces of 10-50-nm width and about 1-m length, where the step edges were nearly parallel with each other. Therefore, the step-induced in-plane anisotropy might exist with the easy axis parallel to the direction of the step edges as observed in other systems. 7, 13 We have investigated spin reorientation as a function of the Co thickness using the magnitude of magnetization com- ponents at the remanent state, i.e., zero applied field. Since spin reorientation occurs only in the xz plane in our case, the canted angle measured from the film normal is good enough to represent the orientation. In Fig. 7 we plot the spin orientation of Co films in the thickness range of 2-20 ML, where the canted angle is determined from cos Ϫ1 (m z /ͱm x 2 ϩm z 2 ). One can clearly see that a magnetic easy axis is shifted from normal to in plane via a smooth transition in the thickness range of 10-15 ML, which implies that the contribution of the fourth-order anisotropy is not negligible. Otherwise one would observe an abrupt transition from perpendicular to in-plane magnetization. For a uniaxial anisotropy system in the second-order approximation, the free-energy density in the absence of an applied magnetic field is given by
where is the polar angle measured from the film normal. Here, the first, second, and third terms are the second-order anisotropy energy, the fourth-order anisotropy energy, and the demagnetization energy, respectively. A minimization of the total energy with respect to results in three possible stable phases: perpendicular (ϭ0°), in-plane (ϭ90°), and canted ͓sin 2 ϭ( 30, 32, 33 The actual values of K 2 , K 4 , and M determine the most energetically favorable phase among them. Since those values are expected to vary with the changing of the film thickness, a thicknessdriven spin-reorientation is generally observed. Two generic behaviors of the spin-reorientation transition are predicted depending on the sign of the fourth-order anisotropy constant K 4 during the transition. When K 4 Ͼ0, the transition from perpendicular to in-plane magnetization proceeds via a continuous canting of magnetization. On the other hand, the transition through a state of the perpendicular and in-plane coexisting phases is expected to occur when K 4 Ͻ0. Our observation of the smooth reorientation of magnetization in the Co/Pt͑111͒ system implies the existence of a positive fourth-order anisotropy in this system.
Since K 2 and K 4 might be split into bulk and surface ͑or interface͒ contributions where K 2 ϭK 2b ϩK 2s /d and K 4 ϭK 4b ϩK 4s /d, one can determine the second-and fourthorder surface anisotropy constants K 2s and K 4s from a fit to the observed canted angle in Fig. 7 Fig. 7 represents the best fit. The experimental value of K 2s is larger than any other reported values for the Co/Pt͑111͒ interface, 0.6 ϳ1.15 mJ/m 2 so far. 21, 34, 35 A high value for K 2s favors perpendicular magnetic anisotropy persisting up to larger thickness of Co film. Note that the onset and thickness range of the transition from normal to plane to in plane can be well expected from the fitting function, although this is a very simplified one. Moreover, K 4s plays an important role in determining whether the transition proceeds via a continuous canted phase or an irreversible coexistence phase: the canted phase can take place in the case of a small negative K 4s , i.e., a positive K 4 . In our Co/Pt͑111͒, K 4 ϭϩ130 kJ/m 3 , including surface anisotropy at a 12-ML Co film during SRT. Oepen et al. 36 reported that K 2s ϭ0.66 mJ/m 2 and K 4s ϭϪ0.12 mJ/m 2 in Co/Au͑111͒ with the SEMPA technique, where the onset and width of transition were 3.7 and 0.4 ML, respectively, and the transition proceeded via a coexistence phase. The onset and thickness range of transition depend on many factors such as substrate conditions, deposition method and rate, and contamination of the film, which make a change in the surface or interface anisotropy. For example, we have found that substrate roughness affects the onset of a reorientation transition in a scanning tunneling microscopy study combined with the MOKE: the transition occurs earlier at a rough surface in Co/Pd͑111͒.
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V. SUMMARY
We have developed a method for a full vectorial analysis of the magnetization components in ferromagnetic ultrathin films by means of simultaneous measurements of the Kerr rotation and Kerr ellipticity. The present method has been applied to investigate an in situ study of the magnetization reversal behavior and spin-reorientation transition for ultrathin Co films on a Pt͑111͒ single-crystal substrate. The resolved components of the magnetization determined from both p-and s-wave Kerr effects, only p-wave Kerr effects, or only s-wave Kerr effects are very consistent with each other. So one can conveniently analyze the magnetization vector under an applied magnetic field once having measured the polar Kerr rotation and the Kerr ellipticity for only one polarization wave in two orthogonal geometries with the saturation longitudinal MOKE. This is possible because the Kerr ellipticity is very sensitive to the in-plane anisotropy when the Kerr effects are measured in a polar geometry. This convenient method for vector analysis can also be applied to determine the magnetization components under an applied magnetic field parallel to the film plane if one measures the two orthogonal longitudinal Kerr effects with a saturation polar MOKE. We find that the SRT in Co films on Pt͑111͒ takes place with a smooth second-order transition mode from a perpendicular to an in-plane direction in a thickness range of 10-15 ML via the stable canted phase. This later onset and the wide thickness range of transition come from the large second-order surface anisotropy. We also show that the stable canted phase during the SRT comes from the positive fourth-order anisotropy energy at room temperature.
